In this study, we evaluated the cytocompatibility of high-pressure torsion (HPT)-processed Ti-6Al-7Nb alloys. Grain size of titanium (Ti) alloys decreased from 5 µm (without HPT processing, HPT-0) to 100 nm (at 2 GPa, HPT-2) or 70 nm (at 6 GPa, HPT-6) through HPT processing. Cell adhesion, proliferation, and differentiation were evaluated with mouse preosteoblast (MC3T3-E1). A locomotion trend was presented by cells cultured on HPT-2 to compare with other specimens, while, an immobilization trend was presented by cells cultured on HPT-6 to compare with other specimens. Akp2 (alkaline phosphatase 2) expression was higher in cells cultured on HPT-2 than that on HPT-0 and HPT-6, indicating enhanced osteogenic differentiation. Our results demonstrate that HPT-processed Ti-6Al-7Nb alloys offer good cytocompatibility.
Introduction
Ti-6Al-7Nb alloy is an alternative metallic biomaterial for medical applications. It offers superior resistance to corrosion and low toxicity. However, as an α+β type Ti alloy, it has limited cold-formability due to high strength and low ductility. In a previous work 1) , we successfully employed high-pressure torsion (HPT) processing to improve the mechanical properties of the Ti-6Al-7Nb alloy. HPT increased tensile strength while maintaining the elongation. This was attained by decreasing grain size of the alloy from 5 µm to about 100 nm 1) . However, the cytocompatibility of this HPT processed Ti alloy has not been assessed yet.
Grain re nement is thought to be an important role in the cytocompatibility of substrate [2] [3] [4] [5] [6] [7] [8] [9] , such as cell attachment. It was reported that improved cell attachment was observed by a nano-grained Ti-29Nb-13Ta-4.6Zr alloy, on which osteoblast displayed larger number of lopodia protrusions compared with alloy without grain re nement 2) . Expression ofbronectin, vinculin (focal adhesions), and actin (cytoskeleton) were also found to be affected by grain re nement [3] [4] [5] . One potential reason for this phenomenon would be the grain re nement increases the grain boundaries, interfaces, and high dislocation density, which result a high wettability leading to a larger number of lamellipodia structures around the cells and hereby an improved cell attachment 2) . In addition, grain size could also have effect on cell proliferation and differentiation. A signi cantly higher proliferation rate was reported by cells incubated on grain-re ned Ti 4) or Ti-6Al-4V alloy 7) compared with those growing on a non-re ned alloy. Cell differentiation was also found to respond to grain re nement 8, 9) , possibly as a result of changes in surface chemical composition 10, 11) , such as alterations in surface hydrophilicity and protein adsorption 12, 13) , changes in corrosion properties 14) , and also a more open lattice in the position of high-angle boundaries 2, 5, 15) .
In the present study, we addressed the cytocompatibility of Ti-6Al-7Nb alloy processed with HPT. The cell adhesion, proliferation and osteogenic differentiation were evaluated with mouse preosteoblast (MC3T3-E1). The information offered by work would be important for the HPT processed Ti-6Al-7Nb alloys to be applied for potential biomedical using.
Experimental Procedure

Specimen preparation
A commercial Ti-6Al-7Nb alloy (ASTM F1295) was purchased from the Nilaco Corporation (Tokyo, Japan). The specimens with and without HPT processing were prepared as described previously 1) . Brie y, a Ti-6Al-7Nb alloy rod with a diameter of 10 mm was prepared and cut into 0.8-mmthick slices. HPT conditions were as previously described: pressure, 2 or 6 GPa; rotation speed, 1 rpm; revolution number, 5; and room temperature. All specimens were polished mechanically on both sides with SiC paper and mirror-nished on one side with a 0.04-µm colloidal silica suspension (Struers, Tokyo, Japan). Subsequently, they were ultrasonically rinsed in acetone and ethanol, dried with a stream of nitrogen gas (99.9%), and nally kept in an auto-dry desiccator until use. Specimens were designated according to the type of HPT processing, thus HPT-0, HPT-2, and HPT-6 indicated lack of treatment, 2 GPa, and 6 GPa, respectively. In addition, grain size of specimens with or without HPT processing was measured by dark-eld transmission electron microscopy.
Surface characterization
Specimen surface composition and chemical states were characterized by X-ray photoelectron spectroscopy (XPS, JPS-9010MC; JEOL, Tokyo, Japan). A monochromatized Mg Kα line (1253.6 eV) was used as X-ray source and the take-off angle of photoelectrons was 90 with respect to the detection surface. All binding energies were relative to the Fermi level. The C 1s peak at 285.0 eV originating from hydrocarbon contamination was used to calibrate the binding energies of peaks in the XPS spectra. In order to estimate integrated peak intensities, the background was subtracted from the measured spectra according to Shirley s method. Energy values have been reported elsewhere 16) . The composition and thickness of the surface oxide lm were calculated as previously described 17, 18) . Empirical data [19] [20] [21] [22] on relative photoionization cross-sections, σ ij /σ O1s (Table 1) , were used for quanti cation, where σ ij /σ O1s represented a level j electron of an element i relative to that of O 1s electrons. Relative concentrations of elements and thickness of the surface oxide lm were calculated, except for carbon, which was considered a contaminant.
2.3
Cell culture and induction of osteogenic differentiation As described previously 23, 24) , a mouse preosteoblast cell line (MC3T3-E1, RIKEN BioResource Center, Ibaraki, Japan) was maintained in alpha modi ed Eagle s minimum essential medium (α-MEM; Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Gibco) and an antibiotic/antimycotic (Gibco). Cells were seeded onto sterilized specimens at an approximate density of 5000 cells cm
. Tissue-culture-treated polystyrene dishes (TCPS) were used as controls for evaluation of gene expression and cell proliferation. Cells were incubated at 37 C in a humidi ed atmosphere of 5% CO 2 in air.
To induce osteogenic differentiation, cells were grown to 100% con uence and shifted to induction medium consisting of culture medium supplemented with 2 mM β-glycerophosphate (Calbiochem, Darmstadt, Germany) and 50 mg mL −1 L-ascorbic acid (Wako Pure Chemical Industries, Osaka, Japan). Induction medium was changed every 3 days. All specimens were sterilized in 70% ethanol for 20 min and subsequently thoroughly rinsed with deionized water before cell seeding.
Attached cell counts
The number of cells on each specimen was quanti ed using Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto, Japan) according to manufacturer instructions and described in our previous report 23) . Sample absorbance at 450 nm was measured using a ChroMate® microplate reader (Awareness Technology, Inc., Palm City, FL, USA).
Immunocytochemistry and imaging
The morphology of cells cultured on Ti-6Al-7Nb alloys with or without HPT processing was visualized by immunouorescence staining. After incubation for 3 h, cells were xed in 4% paraformaldehyde (Taab Laboratory Equipment Ltd., Reading, UK) and blocked in 10% goat serum (Sigma-Aldrich Corp., St. Louis, MO, USA). Cytoskeletal actin was visualized by staining with rhodamine phalloidin (Cytoskeleton Inc., Denver, CO, USA) and nuclei were counterstained with 4 ,6-diamidino-2-phenylindole (DAPI, Invitrogen, Carlsbad, CA, USA). Adhesion plaques were visualized by immunocytochemical labeling of vinculin with a monoclonal anti-vinculin antibody (Sigma-Aldrich), followed by Alexa Fluor 488-conjugated goat anti-mouse IgG (Invitrogen). Digital images were acquired using an IX71 microscope with DP70 charge-coupled device camera (Olympus Optical Co. Ltd., Tokyo, Japan).
Real-time RT-PCR
Quantitative real-time RT-PCR was used to measure expression of selected target genes. Vcl (vinculin) was selected as a reporter of cell attachment, while Runx2 (runt-related transcription factor 2), Col1α1 (procollagen, type I), and Akp2 (alkaline phosphatase 2) were selected as markers of osteogenic differentiation. The procedure was described previously elsewhere 23) . Brie y, total RNA was extracted with an RNeasy Kit (Qiagen GmbH, Hilden, Germany), in accordance with manufacturer instructions. RNA (2 μg) was reverse-transcribed into complementary DNA (cDNA) using a random hexamer primer and the PrimeScript II 1st Strand cDNA Synthesis System (Takara Biotechnology Co. Ltd., Dalian, China), in accordance with manufacturer instructions. The reaction mixture contained 10 μL SYBR Premix Ex Taq II (Takara Biotechnology Co., Ltd.), 10 pmol each of forward and reverse primers, 2 μL cDNA, and distilled water to a nal volume of 20 μL. The reaction was carried out on a LightCycler 480 (Roche Diagnostics GmbH, Mannheim, Germany). The housekeeping Gapdh gene encoding glyceraldehyde 3-phosphate dehydrogenase was used for normalization. The primers used in this study were purchased from Takara Bio Co., Ltd. (Table 2 ).
Statistical analysis
All values represent at least three independent tests (n ≥ 3) and are shown as mean ± standard deviation. Gene expression in osteogenic differentiation experiments was analyzed by Student s t-test for each two groups using MS Excel software (Microsoft Corp., Redmond, WA, USA). Attached cell counts and vinculin gene expression were analyzed by oneway analysis of variance followed by a Student-NewmanKeuls test for multiple comparisons using SPSS Statistics v.22 software (SPSS, Chicago, IL, USA). P < 0.05 was considered statistically signi cant.
Results and Discussion
Surface chemical composition
The XPS spectrum of O 1s ( Fig. 1(a) were observed on Ti alloys after HPT processing (HPT-2 and HPT-6) ( Table 3 ). The spectra of metallic elements, Ti 2p ( Fig. 1(b) ), Nb 3d ( Fig. 1(c) ), and Al 2p ( Fig. 1(d) ] ratio increased and the binding energy of Ti 2p 3/2 shifted to a higher energy state ( Table 3 ), indicating that specimens with HPT processing had more surface oxidation. This phenomenon could be explained by the re nement of grain size of the alloys. We have previously shown that after HPT processing grain size of the α phase decreased from 5 µm in HPT-0 to about 100 nm or 70 nm in HPT-2 and HPT-6, respectively 1) , which could result in enhanced surface oxidation. In general, no signi cant change in surface chemical composition of specimens was observed by XPS. 
Cell adhesion
The number of cells attached to Ti-6Al-7Nb alloys with or without HPT processing was similar 3 h after cell seeding (Fig. 2) . This indicated that HPT processing did not affect the number of attached cells within the rst 3 h of incubation.
Cell extension was visualized by immuno uorescence staining (Fig. 3 and Fig. 4) , after 3 h of incubation. Depending on the specimen, we detected differences in the shape of cells (Fig. 3) . Spreading shapes were most common on HPT-6, round shapes dominant on HPT-2, and both shapes were observed on HPT-0. We monitored the cells at a higher magni cation to assess the location and shape of adhesion plaques by vinculin staining (Fig. 4) . Cells cultivated on HPT-6 and to a lesser extent on HPT-0 presented a brous structure at the margin of the pseudopodia, whereas cells growing on HPT-2 and less markedly on HPT-0 displayed a pointed distribution Fig. 2 Number of MC3T3-E1 cells attached to Ti-6Al-7Nb alloys with or without HPT processing after 3 h of incubation. n.s., non-signi cant. of adhesion plaques. Considering vinculin s role in cell adhesion 25, 26) , the shape of cells cultured on HPT-6 indicated a stronger cell immobilization trend, whereas those on HPT-2 presented a stronger cell locomotion trend compared with other specimens. Cells cultured on HPT-0 showed an intermediate pattern.
Cells cultured on TCPS had higher Vcl expression level than those growing on Ti-6Al-7Nb substrates after incubation for 3 h (Fig. 5) . Expression of Vcl in cells cultured on Ti-6Al-7Nb alloys processed with HPT was lower than in the absence of HPT (HPT-0 > HPT-6 > HPT-2). This result appears to differ from previously reported vinculin protein expression data [3] [4] [5] . Considering the good cytocompatibility of Ti-6Al-7Nb alloys, re nement of grain size may not signi cantly improve cell adhesion. In addition, the resulting protein levels may not correlate with gene expression. Figure 4 shows strong uorescence intensity in cells cultured on HPT-0 and HPT-2. It is possible that Vcl expression peaked before the 3 h incubation was complete and thus was overlooked.
Cell proliferation
Cell proliferation was evaluated for 5 days. The number of cells attached increased along with the incubation time for all specimens (Fig. 6) . After 1 day, there was no signi cant difference in cell attachment among Ti-6Al-7Nb alloys with or without HPT processing. However, on the third day more cells were harvested by HPT-0 than that by HPT-2 or HPT-6. After 5 days, the number of cells cultured on all Ti-6Al-7Nb alloys was similar and was larger than that seen on TCPS, con rming previous reports 4) . Fig. 6 Proliferation of MC3T3-E1 cells on Ti-6Al-7Nb alloys with or without HPT processing and TCPS after 5 days. Values correspond to the mean ± standard deviation (n ≥ 3). * P value < 0.05 was deemed statistically signi cant. n.s., non-signi cant. Values correspond to the mean ± standard deviation (n ≥ 3). * P value < 0.05 was deemed statistically signi cant. 2024 P. Chen, et al.
Osteogenic differentiation
Osteogenic differentiation was induced in preosteoblasts and expression of three target genes was investigated after 7 days. The highest expression of Runx2 and Col1α1 was obtained in cells cultured on TCPS (Fig. 7) , whereas Akp2 was highest in those cultured on HPT-2, suggesting possible osteoblast maturation. Cells cultured on HPT-6 consistently yielded the lowest expression levels for all genes, while HPT-0 showed intermediate expression levels. These results indicated that HPT-processed Ti-6Al-7Nb alloys could have an effect on cell differentiation and 100-nm grain size HPT-2 could promote the maturation of MC3T3-E1.
Conclusions
HPT processing decreased the grain size of Ti alloys from a micrometer to a nanometer scale, leading to a slightly larger surface oxidization. For cell attachment, a locomotion trend was presented by cells cultured on HPT-2 to compare with other specimens, while, an immobilization trend was presented by cells cultured on HPT-6 to compare with other specimens. A larger number of proliferated cells were obtained by Ti alloys with and without HPT processing than that on TCPS after 5 days of cultivation. In addition, a higher Akp2 expression level was observed in cells cultured on HPT-2 after 7 days of induction, indicating stimulated osteoblast maturation. Our results indicated that HPT-processed Ti-6Al-7Nb alloys could have similar good cytocompatibility as Ti-6Al-7Nb does, although there were some differences in cell adhesion, proliferation, and osteogenic differentiation. In summary, HPT-processed Ti-6Al-7Nb alloy has good cytocompatibility and could be a potential candidate for biomedical applications.
